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Trade wind regions cover most of the tropical oceans, and the
prevailing cloud type is shallow cumulus. These small clouds are
parameterized by climate models, and changes in their radiative
effects strongly and directly contribute to the spread in estimates
of climate sensitivity. This study investigates the structure and
variability of these clouds in observations and climate models.
The study builds upon recent detailed model evaluations using
observations from the island of Barbados. Using a dynamical
regimes framework, satellite and reanalysis products are used to
compare the Barbados region and the broader tropics. It is shown
that clouds in the Barbados region are similar to those across the
trade wind regions, implying that observational findings from
the Barbados Cloud Observatory are relevant to clouds across the
tropics. The same methods are applied to climate models to
evaluate the simulated clouds. The models generally capture the
cloud radiative effect, but underestimate cloud cover and show
an array of cloud vertical structures. Some models show strong
biases in the environment of the Barbados region in summer,
weakening the connection between the regional biases and
those across the tropics. Even bearing that limitation in mind, it
is shown that covariations of cloud and environmental properties
in the models are inconsistent with observations. The models
tend to misrepresent sensitivity to moisture variations and inversion
characteristics. These model errors are likely connected to cloud
feedback in climate projections, and highlight the importance of
the representation of shallow cumulus convection.
trade wind clouds | climate models | shallow cumulus | Barbados
Is the cloud structure and variability observed at a single loca-tion over a long time representative of more general regimes of
clouds? This is the conceit of long-term observational “super
sites” but has rarely been evaluated (1, 2). This work focuses on
clouds found in trade wind regions, which are mostly shallow
cumulus, and asks whether findings from the Barbados Cloud
Observatory (BCO) are generalizable to the broader tropics in
observations and climate models. We will evaluate cloud prop-
erties and the environment in which the clouds form across 12
climate models within these regions. This emphasis on the trades
is motivated by several factors: (i) Previous studies suggest these
are the regions that lead to much of the spread in estimates of
climate sensitivity (3, 4), (ii) there is a dearth of evaluation of
shallow cumulus in climate models (5), and (iii) space-based and
ground-based observations of the trades have recently become
available (6–8). This focus on trade wind regions is unique but
builds upon previous, broader model evaluations that have, among
other things, shown improvements in near-global cloud properties
in the latest generation of climate models (9) and provided an
overview of the vertical structure of cloud fraction (CF) and cloud
water content over tropical oceans (10). Ref. 11 explores low-level,
tropical clouds in climate models and separates shallow cumulus
and stratocumulus regimes; that study reports compensating
biases between cloud cover (CC) and radiative properties. Ref. 12
provides a detailed, process-oriented multiclimate model evalua-
tion of the covariability of clouds and environmental conditions at
a single location in the Atlantic trade wind region. A key result of
that work is that the climate models’ low-level clouds are more
susceptible to variations in the environment than observations
indicate, and factors that are important for cloudiness in models
are different from those in observations. The present study tests
whether those findings can be generalized to the broader tropical
oceans, and emphasizes the links between clouds and their radi-
ative effects to the circulation.
To illustrate the association between clouds and the large-scale
circulation, Fig. 1 shows the global and seasonal distributions of the
cloud radiative effect (CRE, the difference in clear-sky and all-sky
radiative fluxes at the top of the atmosphere) and midtropospheric
vertical motion (ω500) using satellite estimates [Clouds and the
Earth’s Radiant Energy System, Energy Balanced and Filled
(CERES EBAF) v2.8 (13)] and reanalysis [European Centre for
Medium-Range Weather Forecasts Reanalysis (ERA)-Interim
(14)]. (Table 1 lists the observational data sets used in this study.)
Typical trade wind conditions exist under weak ascent to moderate
subsidence (−15–28 hPa·d−1 is the range used below) and show
weak, negative CRE that corresponds to a slight cooling influence
on the climate system. Trade wind regions are widespread and
relatively constant; they do not show much seasonality in CRE, and
vast swaths of the tropical oceans are characterized as trade wind
regions throughout the year. The relative constancy of CRE across
the trades differs from other regions. The midlatitude storm tracks,
for example, have strong seasonality in CRE: Summertime storm
tracks exhibit the strongest negative CRE. The quasi-permanent
subtropical stratocumulus decks, on the other hand, exist under
moderate to strong subsidence and also have strong negative CRE
Significance
This paper shows that clouds near Barbados exhibit similar
properties to those over much of the tropical oceans. This
finding allows observations taken at Barbados to be general-
ized to the broader tropics. The same approach is applied to
climate models to show that errors in simulated clouds near
Barbados are similar to errors across the tropical oceans. The
errors are related to the representation of the vertical structure
of clouds and the boundary layer and the underlying turbulent
and convective mixing that create the clouds. Because trade
wind clouds are a key contribution to the spread in climate
model estimates of climate sensitivity, improvements in these
clouds could reduce uncertainty in climate projections.
Author contributions: B.M. and L.N. designed research, performed research, analyzed
data, and wrote the paper.
The authors declare no conflict of interest.
This article is a PNAS Direct Submission.
Freely available online through the PNAS open access option.
1To whom correspondence should be addressed. Email: brianpm@ucar.edu.
2Present address: Department of Earth, Atmospheric and Planetary Sciences, Mas-
sachusetts Institute of Technology, Cambridge, MA 02139-4307.
This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1521494113/-/DCSupplemental.
E3062–E3070 | PNAS | Published online May 16, 2016 www.pnas.org/cgi/doi/10.1073/pnas.1521494113
(similar to the annual average CRE of the storm tracks), but cover
a relatively small area that varies seasonally; as the stratocumulus
decks recede toward the continents, trade wind regions expand.
Regions with frequent deep convection (e.g., the Intertropical
Convergenze Zone) have relatively weak CRE because upper-level
clouds have strong but nearly canceling shortwave (SW) and
longwave (LW) CRE [CRE= SWCRE+LWCRE (15)], and many
of these regions undergo large seasonal migrations that typically
leave trade wind conditions in their absence.
Fig. 2 shows the climatological distribution of CRE and CC and
their components over the tropical oceans (35°S–35°N) organized
by using ω500 to define dynamical regimes (16). Comparing the
LWCRE with the long-term International Satellite Cloud Clima-
tology Project [ISCCP (17)] CC estimate shows that strongly
convective regimes have the most high-level cloud and corre-
spondingly the strongest LWCRE. Like previous analyses (15),
Fig. 2 shows strong compensation between the SW and LW CRE
components in these regimes. The ISCCP CC estimates shown in
Fig. 2 suggest little low-level CC in the convective regimes (around
5–10%) increasing to around 30% in the moderate to strong
subsidence regimes. There is, however, substantial low-level cloud
in the convective regimes, but it is obscured by higher cloud;
evidence for this includes estimates that show ubiquitous low-level
diabatic heating across the tropics (18). Deep convection is sup-
pressed in the dry subsidence zones of the subtropics, so low-level
clouds dominate these broad regions. The SWCRE of low-level
clouds is weaker than that for upper-level clouds, but there is
almost no LW compensation, so the SWCRE is dominant and
provides a substantial cooling effect in the present climate (19, 20).
The net CRE shows fairly large variability across dynamical re-
gimes (gray shading), mostly dominated by the SW component,
even in trade wind regimes with weak vertical motion. Although
this variability seems at odds with the above discussion of the
constancy of the trades, it is important to note that Fig. 2 shows
variability within dynamical regimes, and so includes both spatial
and temporal variability, including months that capture transitions
in the large-scale circulation (all of which increase the variance).
Also shown in Fig. 2 are the values for the Barbados region
(defined as 300.5°E–305.5°E, 10.5°N–15.5°N, similar to ref. 21)
separated by season. In each season, the Barbados region lies
within the ±1σ envelope of the broader tropical oceans. This
supports the idea that Barbados is a weakly convective environ-
ment during the summer wet season and a moderately subsiding
one in the winter dry season (8), and the cloud properties within
each season are similar to other such environments. To make use
of this seasonal variation, we define the weak convection and
moderate subsidence regimes roughly centered on the mean sea-
sonal values of ω500 in the Barbados region: The weak convection
regime is defined as −15≤ω500 ≤ − 5  hPa · d−1, and the moderate
subsidence regime will be defined by 18≤ω500 ≤ 28 hPa·d−1. Re-
sults presented herein are not very sensitive to these ranges.
Orbiting active remote sensing instruments provide insights into
the vertical distribution of clouds over much more extensive areas
and longer times than was previously possible. An example of this
enhanced data coverage, Fig. 3, presents CF derived from Cloud-
Aerosol Lidar and Infrared Pathfinder Satellite Observations
(CALIPSO) measurements over the tropical oceans for June 2006
through December 2012 using the GCM-Oriented CALIPSO
Cloud Product (CALIPSO-GOCCP) (22) composited using ω500
from ERA-Interim (Table 1). As in Fig. 2, monthly data have been
averaged in ranges of ω500 to separate dynamical regimes. The close
relationship between clouds and circulation emerges, with high
clouds being focused in convective regimes and low-level clouds
predominant in subsiding regimes. It is important to note, however,
that high-level and low-level clouds frequently cooccur, including in
the trade wind regions, and can be thermodynamically linked
(through local convection) or not (23). Also shown in Fig. 3 are the
profiles of CF in the Barbados region during the summer and winter
months, and, as seen above, the profiles show the clouds differ with
season in the Barbados region as the regional circulation changes.
In both seasons, there are frequent low-level clouds with maxima
near the lifted condensation level (LCL) and higher up near the
trade inversion (6, 24). The dotted lines in Fig. 3, Right show the
profiles from the dynamical regimes that the Barbados region falls
into in summer and winter. The similarity is clear. The main dif-
ference is in winter, when the moderate subsidence regime has a
unimodal low-level cloud layer that is cloudier than the Barbados
region; this is because the regime samples a variety of thermody-
namic states that support clouds varying from nearly overcast con-
ditions associated with stratiform outflow layers and cumulus under
stratocumulus to fields of isolated trade wind cumulus. Here we
accept this variability within the dynamical regime with the knowl-
edge that cloud types within subsidence regimes can be more readily
discerned when sorted by a thermodynamic variable such as lower-
tropospheric stability (25) or sea surface temperature (SST) (26).
Fig. 1. Net CRE (watts per squaremeter) from CERES (March 2000 through December 2013) and 500-hPa vertical velocity (ω500, hectopascals per day) from ERA-Interim
(January 1979 through December 2012). (Left) Annual average followed by the (Middle) December−February (DJF) and (Right) June−August (JJA) averages. Green
contours indicate upward motion, and magenta contours denote downward motion. Contour lines are not included over land areas because the field becomes noisy.
Table 1. Data sets used in this study
Name Interval Fields References
CALIPSO 2006–2014 CF, CC (22)
CERES 2000–2013 CRE (13)
ERA-Interim 1979–2012 ω, RH, T (14)
ISCCP 1983–2008 CC (17)
MISR 2000–2009 CC (62)
MODIS 2002–2011 CC (63)
ω, vertical pressure velocity; RH, relative humidity; T, temperature.
































Taken together, Figs. 1–3 provide context for understanding the
distribution of clouds over tropical oceans, the connection between
clouds and circulation, and their radiative impacts on the present
climate. They also suggest that clouds observed at the BCO are
representative of common tropical cloud regimes. Throughout the
remainder of this study, we investigate whether climate models re-
produce the observed clouds, the environments in which the clouds
form, and the relationships between clouds and the environment.
Climate Models
As discussed in the Introduction, the low-level clouds of the weak
ascent to moderate subsidence regimes are primarily responsible
for the spread in estimates of cloud feedback (and therefore
climate sensitivity) among climate models. For a model’s future
climate projection to be credible, a necessary (but insufficient)
condition is an adequate representation of cloud properties in the
current climate. Previous work has shown that, in the weakly
convecting to moderately subsiding regimes, there is reasonable
agreement in CRE among the models (3), with values similar to
the observed CRE in Fig. 2. Both total and low-level CC are
generally underestimated by the models, however, leading to a
“too-few-too-bright” problem in most climate models (11). The
spread among the models’ CRE is greatest in the strongly con-
vecting regimes that cover only a small fraction of the tropics (3),
but small biases in the more common trade wind regimes domi-
nate any global bias.
To investigate trade wind clouds in climate models, we use a
subset of the “AMIP” simulations available as part of the Cou-
pled Model Intercomparison Project Phase 5 (CMIP5) (see
Table S1 for the list of models). These are global simulations of
the atmosphere and land surface forced by observed SST, sea ice
cover, and greenhouse gas concentrations. Using observed SST
removes important feedbacks between the surface temperature
and atmosphere, but removes the SST biases that atmosphere−
ocean global climate models (GCMs) consistently produce [for
example, in the western Atlantic near Barbados (27, 28)]. The
AMIP framework provides a test of the atmospheric component
of climate models given a realistic SST distribution. Monthly
average output is used during the interval 1979–2005; using
monthly mean output limits some interpretation of relationships
between clouds and their environment because much of the
variance is associated with faster timescales (12, 24).
Model selection is based on the availability of output, especially
satellite simulator output that is used to quantify CC [total (CC), high
(CCHI), and low (CCLO)] and CF. CF is here taken to be a measure
of cloud within a grid cell; therefore, CF has a vertical distribution,
and CC is the vertical integral of CF using assumptions about how
partially cloudy layers overlap. That is, CC is the geometric pro-
jection of clouds onto the surface. Low-level CC, CCLO, is typically
defined for the layer from 680 hPa (∼3 km) to the surface. Satellite
simulators “observe” the simulated atmosphere in a similar manner
to how the corresponding satellites observe the real atmosphere,
allowing a direct comparison between models and observations (29).
The simulated CRE is derived from the top-of-atmosphere radiative
fluxes; the mean ω500 and CRE are qualitatively reproduced by all of
the models (Fig. S1), although every model shows errors in the de-
tails of the circulation, cloud pattern, and seasonality.
Trade Wind Clouds and Their Environment
Fig. 4 shows the CF profiles for each model using their CALIPSO
simulators. These profiles can be compared directly to those in
Fig. 3. (Left) CALIPSO CF averaged conditionally in bins of ERA-Interim ω500
over the tropical oceans. (Right) CALIPSO CF averaged over the Barbados
region for DJF (blue solid line) and JJA (red solid line). Dotted vertical lines
mark the Barbados region’s regime in each season (Left) and the regime
profile for comparison with the seasonal profiles (Right).
Fig. 2. Cloud properties sorted into dynamical regimes using ω500 (horizontal axis). The ω500 is taken from ERA-Interim monthly means. (Upper) CRE, LWCRE, and
SWCRE from CERES EBAF v2.8 and (Lower) total, high, and low CC from ISCCP. The ERA-Interim ω500 is regridded to match the cloud properties horizontal grids; the
temporal period is the overlapping time between each data source. The solid gray lines show the area-weighted average in ω500 bins over the tropical oceans (±35°
latitude), and the gray shading shows the area-weighted SD within each bin. The markers show the values in the 5° box upstream of Barbados, with the lines
showing the SD in each quantity. The red is the JJA season, and the blue is the DJF season, both using the same temporal range as the full tropical calculation.
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Fig. 3, but Fig. 4 focuses on the lower troposphere, where shallow
convective clouds manifest very differently among the models.
Inspection of the low-cloud distribution shows a variety of shapes
of the cloud profile, including some models that form a shallow,
unimodal distribution and others with a bimodal distribution.
Observations and models both show modest seasonal variation in
the low-level cloud. There is good correspondence between the
cloud structure near Barbados and the ω500-based regimes. Several
models produce a cloudier low-level cloud layer in the moderate
subsidence regime than the Barbados region, consistent with the
observations, but none capture the distinct difference in shape
shown in the observations. Some models also have the moderate
subsidence regime peak CF at a lower altitude, indicating a shal-
lower boundary layer and more stratocumulus-like clouds in the
regime compared with the shallow cumulus expected near Bar-
bados. The model climatologies capture the observed slightly
bottom-heavy cloud layer (using the metric of ref. 30), but the
shape of the monthly mean profiles does not reflect the shape of
instantaneous or even daily mean profiles (12).
The models also have biases in high-level clouds, which can be
discerned using the maximum CF above 8 km (shown on Fig. 4).
The height of this CF maximum is related to the model’s upper
tropospheric humidity (31) and varies from about 10 km to
14 km in these simulations. As with the low-level clouds, there is
diversity in the simulated high-level clouds, but eight of the
models produce more high cloud in the summer than CALIPSO
(one produces too little). The models are more successful with
the high cloud in winter, when there is large-scale subsidence and
little upper-level cloud. Although ERA-Interim ω500 shows that
the Barbados region transitions from moderate subsidence in the
winter to weak convection in the summer (Fig. 3), it is not clear
from Fig. 4 whether models correctly capture that feature of the
large-scale circulation, and the biases in high clouds hint that the
large-scale circulation could be misrepresented in some models.
Fig. 5 illustrates the clouds and environment of the Barbados re-
gion over the annual cycle for observations and models. As expected
based on Fig. 4, most of the models overestimate the seasonality of
CCHI by producing too much high cloud in the summer. This sea-
sonal variability of CCHI is tied to the large-scale circulation,
evidenced by an anticorrelation with ω500. Models that are overly
convective during the summer are shown in red hues, and models
that are not convective enough (compared with ERA-Interim) are in
blues. All six models shown in red hues strongly overestimate the
summertime high-cloud cover (as well as two of those shown in blue).
This association of high clouds with circulation leads to a large
spread of CC during the summer and a general overestimation of the
amplitude of the annual cycle of CC. By contrast, low-level clouds
provide an omnipresent background in both the models and satellite
estimates that anchor the mean SWCRE but are generally under-
estimated by the models. The wintertime SWCRE (dominated by
low-level clouds) is similar to the CERES estimate for many models
even though CC and CCLO are underestimated, but most of the
models have an overly strong SWCRE in the summer, when CCHI is
overestimated. This finding is consistent with previous analyses that
climate models have compensating biases in the low-cloud cover and
cloud optical properties over tropical oceans (11).
Fig. 4. CF profiles for CALIPSO (Upper Left) and each model derived from the CALIPSO simulator output. As in Fig. 3, dark, solid lines show the Barbados
region in DJF (blue) and JJA (red), and dotted lines show the corresponding regime composites. High-level cloud, defined as the maximum CF above 8 km, is
reported for each sampling strategy (MS stands for moderate subsidence, and WC stands for weak convection, as defined in the Introduction).
































Although high clouds are connected to the large-scale circula-
tion, it is less clear what environmental factors control low-level
clouds. Many studies have addressed the issue of cloud-controlling
factors in observations (32–34) and models (35, 36). Most such
studies have focused on stratocumulus clouds, and the consensus
points toward a few primary controlling factors in that regime,
including SST, subsidence, inversion strength (measured by lower-
tropospheric stability, LTS =  θ700 − θsfc, or similar, where θ is
potential temperature), and humidity structure (37). In the trade
wind regime, the controlling factors are unsettled because the
boundary layer is a more complicated four-layer (dry convective
subcloud, stable transition, conditionally unstable cloud, and sta-
ble inversion) structure (38, 39). Compared with stratocumulus
regimes, the inversion is relatively weak, subsidence is more var-
iable, and the strength and vertical structure of low-level winds can
also be important (40).
Fig. 5 shows some of these factors for the annual cycle near
Barbados. Relationships between CCLO and the environment vary
across models; no robust low-cloud-controlling parameter emerges
in the models. Fig. 5 exposes the annual cycle, but correlations
between CCLO and the same environmental factors also show that
there is no single factor that controls the low clouds, and models do
not capture the same relationships between clouds and the envi-
ronment as the observations and reanalysis (Fig. S2). The environ-
mental factors shown in Fig. 5 do suggest, however, that the models
are producing a broad array of boundary layer structures in the
Barbados region. Inversion strength, lower-tropospheric con-
vective mixing [measured by ΔRH700−850, the relative humidity
difference between the free troposphere and the cloud layer
(41)], and inversion level (pinv, the pressure at the model level
with maximum vertical gradient of liquid water potential tem-
perature, dθℓ=dp) all vary substantially across the models, but do
not stratify the models like ω500 in summer. Compared with
ERA-Interim, the models tend to have weaker, higher inversions
and stronger convective mixing (i.e., ΔRH700−850 closer to zero).
Observations suggest that cloud properties are generally similar
between the Barbados region and the moderate subsidence regime
(Fig. 2), although Barbados is slightly less cloudy, on average, than
the broader regime. Fig. 5 shows that models tend to underestimate
the total cloudiness in winter near Barbados, and that is nearly
entirely due to underestimating the low-cloud cover. Fig. 6 expands
to the broader regime and shows that climate models underestimate
CC in moderate subsidence regimes, and they do so because of a
low bias in CCLO. That is, the biases diagnosed near Barbados are
similar to biases across the tropical oceans. The smaller CCLO near
Barbados is consistent with the region being in the warmer,
downstream portion of the regime and dominated by shallow cu-
mulus with CC near 30% (6), whereas the regime also contains
larger CC associated with stratocumulus and transitional clouds (25,
42). In contrast to the CC, the CRE is mostly well captured by the
models (SWCRE is shown in Fig. 6; LWCRE is relatively small).
The models produce similar moderate subsidence environments
to the reanalysis, but, as was found for the Barbados region, LTS
and pinv are underestimated by most models, indicating that the
models are more convective than ERA-Interim (Fig. 6). Near-
surface temperature (nominally at 2 m) is similar to ERA-Interim,
as expected because it is constrained by the prescribed SST, so the
bias in LTS can be associated with a low bias in θ700. This LTS bias
also occurs in the Barbados region, which has a warmer SST than
most locations within the regime. Although one might guess that
inversion strength would constrain the humidity structure, the LTS
bias does not appear to predict the cloud layer relative humidity
(RH850) nor the convective mixing biases. The Barbados region is
similar, in this regard, to the regime, but with a slightly higher
mean RH850. It appears that most climate models are producing a
deeper trade wind boundary layer than expected, which could
partly explain the underestimate of CCLO if the deeper, more
convective layer acts to dry the lower levels and evaporate cloud.
The relative humidity structures do not clearly indicate whether
this is the case or not, but, because each model’s cloud physics
differ, it cannot be ruled out. That these biases occur for both the
Barbados region, which is dominated by shallow cumulus, and the
moderate subsidence regime, with its mixture of cloud types,
suggests a systematic bias in boundary layer structure that is un-
likely to be strongly associated with the large-scale circulation.
Fig. 7 repeats the same analysis, but switching to the weak
convection regime and Barbados’ summertime. Both the region
and regime have near-surface temperatures about 2 K warmer
than their counterparts in Fig. 6, and this warmer environment is
associated with weaker LTS, a more humid cloud layer, and en-
hanced CC. The greater CC comes from both high- and low-level
clouds, and the cloudier conditions reflect more sunlight pro-
ducing a stronger SWCRE. Unlike the wintertime, some models
show a significantly different ω500 value than the observations for
the Barbados region (Fig. 5). Those models are apparent in Fig. 7
by their low-biased LTS: They are more convective, as previously
inferred. The remaining models, however, fail to capture the
weaker stability in the summer, including all of the models with
weak summertime ω500 (blue in Fig. 5); those models misrepresent
the seasonal pattern of the inversion by producing a lower,
stronger inversion during summer. This bias is regional, however,
as all of the models correctly produce higher, weaker inversions in
the weak convection regime (see also Tables S1 and S2). Similarly,
the high-level CC in the Barbados region is overestimated by most
of the models (as seen in Fig. 4), but, across the weak convection
regime, this is not the case. This shows that local circulation can be
an important regional factor in weakly convective environments. Not
all of the models would even classify the Barbados region in summer
within the weak convection category, underscoring the role of local
circulation biases for making comparisons with observations. Under
Fig. 5. Composite annual cycle for the Barbados region using all available
years. Climate models are shown by colors, and satellite or reanalysis are
black and gray. The coloring of the models is based on the vertical velocity in
the warm season, with warm hues used for models that are more convective
than ERA-Interim and cool hues used for those that are less convective (the
scale is otherwise arbitrary). (Left) Cloud characteristics (total CC, low-cloud
cover, high-cloud cover, and shortwave CRE, from top to bottom) and (Right)
environmental parameters (midtropospheric vertical pressure velocity (ω500),
lower-tropospheric stability, relative humidity difference between 700 hPa
and 850 hPa, and inversion pressure level, from top to bottom).
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such circumstances, it may be more useful to construct composites
from the site or region in the same manner as for the broader tropics
and compare the frequency and structure of the conditionally sam-
pled data (1); we have not included such an analysis.
Although Figs. 6 and 7 demonstrate the similarity between
the mean, variability, and biases for the Barbados region and
the dynamical regimes, quantitatively assessing the relationship
between the low-level cloud and the environment proves elu-
sive. Fig. 8 provides a view into the complexity of the problem.
The figure presents the correlation coefficients between CCLO
and four environmental factors thought to be related to the CC
(and shown above); the correlations for the Barbados region
are shown on the vertical axis, and the regimes are along the
horizontal. Deviations from the 1:1 line show that the Barbados
Fig. 6. Quantities averaged over the moderate subsidence regime (red) and in the Barbados region during DJF (blue) for the models. Horizontal lines show
the observed values: solid for the regime, dashed for the region. Gray shading shows ±1σ for the observations in the regime; the stems show 1σ for the
models, directed to indicate the bias. The values for the regime are tabulated in Table S1.
Fig. 7. As in Fig. 6, but for JJA in the Barbados region and for the weak convection regime defined as −15≤ω500 ≤ − 5  hPa ·d−1. The values for the regime are
tabulated in Table S2.
































region imperfectly captures the relationships found in the
broader regimes, but most of the correlations agree, at least in
sign, between the region and regime. The discrepancies in this
regard may indicate that the Barbados region is not represen-
tative of the regime, that it reflects only a subset of the regime,
or that there could be confounding factors influencing the
correlations. The tendency, however, is for the relationships to
have the same sign and to be statistically significant in both the
region and the regime, supporting the idea that clouds at a
given site are similar to larger samples of clouds.
The troubling aspect of Fig. 8 is the diversity shown among the
models and the dissimilarity from the observed linear relation-
ships (larger, dark gray symbols). There are uncertainties asso-
ciated with the observations: The reanalysis relies on data
assimilation combined with a model (similar to other GCMs),
both of which are subject to uncertainties and biases; similarly,
the satellite observations are the result of limited sampling and
retrieval algorithms that both introduce sources of error. The
spread of the model relationships, regardless of the verisimili-
tude of the observational estimates, indicates that the models
achieve their CCLO through different balances of processes.
These balances are likely to be internally consistent, but might
not be a good representation of the real atmosphere. In some
cases, the models do not capture the sign of the expected linear
relationships. For example, CCLO is expected to increase with
stronger LTS as convection is inhibited. This relationship holds
for most of the sampling of Fig. 8, but some models show a
negative relationship in the Barbados region. Overall, the figure
suggests that the models tend to underestimate sensitivity to
inversion characteristics (LTS, pinv) and show widely varying
sensitivity to moisture variations (ΔRH700−850, RH850) that are
often of opposite sign to the observations. Many of the models
have an unrealistic postive relationship with ΔRH700−850, indicating
that stronger convective mixing (smaller negative ΔRH700−850) is
associated with more CC, running counter to the expectation that
stronger convective mixing dries the boundary layer and evaporates
cloud water (41, 43). Detailed balances cannot be constructed from
the available model output, but several plausible reasons exist for
models producing unrealistic process balances in shallow cumulus
regimes, including coarse resolution (horizontal or vertical) that
misses important aspects of the circulation (e.g., mesoscale variability)
and the artificial separation of processes (e.g., boundary layer
turbulence and cumulus convection), which could create compe-
tition among parameterizations and result in erroneous heating
and moistening rates.
The range of correlations shown in Fig. 8 assures that some
models evince spurious relationships, some of which could be di-
rectly associated with cloud feedbacks under climate change. The
differing cloud responses under climate change across models is
well documented but poorly understood (44). The cloud-controlling
factors shown in Fig. 8, along with ω500, have been investigated to
differing extents with regard to climate change. The shallow con-
vection regimes considered here have received less attention than
others, but a few comments can be made. As has been emphasized
Fig. 8. Correlation coefficients between CCLO and environmental parameters. The Barbados region is shown on the vertical, and the dynamical regime is
shown on the horizontal. Circles denote the moderate subsidence and DJF sampling, and triangles show weak convection and JJA. Colors are as in Fig. 5. The
values are derived by calculating the correlation coefficient at each spatial point using the monthly means, removing correlations that are not significant at
the 95% level using a two-tailed t test, transforming the remaining coefficients using the Fisher z transformation, averaging the corresponding z values, and
transforming that average back to correlation coefficient. This procedure provides an appropriate average correlation coefficient (61). The result of the
significance test is to increase the resulting correlation coefficients, as insignificant correlations tend to be close to zero; there are a few instances where no
correlations passed the significance test, and, in those cases, the coefficient is set to zero.
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here, the trade wind inversion is an important feature of these
regimes; it occurs where subsidence warming balances convective
and radiative cooling (43, 45), linking it intrinsically to both the
large-scale circulation and the small-scale boundary layer mixing.
No systematic study of inversion characteristics (in particular, pinv)
is available for the CMIP5 archive, but observations support the
connection between inversion height and cloud-top height across
the subtropical regions (46, 47). More attention has been given to
the inversion strength, which is generally inversely related to in-
version height. The inversion is expected to strengthen with warming
(35, 48), and variations in LTS have been long associated with low-
level cloud variations at timescales longer than synoptic variability
(32, 49, 50). The change in ω500 is closely associated with the Hadley
circulation response, which is expected to expand under climate
change with weaker subtropical subsidence rates (51, 52). The dis-
tribution of ω500 narrows as a consequence, and the regimes con-
sidered here become more frequent across the tropics (3). Under
equilibrium conditions, energy constraints suggest the near-surface
RH should not change much, and climate models show about a 1%
increase in trade wind regions (53). Under transient climate change,
however, models show decreased lower-tropospheric relative hu-
midity (52, 54). The relative humidity contrast, ΔRH700−850, used
here as a measure of shallow convective mixing has not been ex-
tensively investigated, but idealized warming experiments tend to
suggest an increase (41). These environmental factors interact with
each other and with the clouds, making it difficult to draw conclu-
sions about the role of each for cloud feedbacks, but models that
incorrectly represent the physics of shallow convection are unlikely to
capture the physical mechanisms of the feedback.
Discussion
Returning to our opening question, have we established whether
observations at the BCO are representative of broader tropical
regimes? By using monthly means from reanalysis and satellites,
we have shown that the Barbados region’s clouds are comparable
to common cloud regimes across the tropics (Figs. 2 and 3).
Barbados undergoes a transition in the large-scale environment
from moderate subsidence in the winter to weak convection in
the summer, and there are important differences between the
seasons that are also found in the broader tropical regimes (Fig.
5). We have intentionally kept the regime definition very broad
(using only ω500); doing so produces some discrepancies between
the region and the regime, which are instructive for under-
standing the variation within the regimes but could be reduced
with more stringent regime definitions. In particular, the mod-
erate subsidence regime contains more frequent cloudier, geo-
metrically thin low-cloud layers than the Barbados region, which
is more often dominated by fields of shallow cumulus.
The similarity between the Barbados region and tropical regimes
carries over to the climate models in many ways. In general, the
structure of the clouds is similar between the region and regime
(Fig. 4), and model biases in cloud properties are also similar. In
particular, the underestimate of low-level cloud and the compen-
sating errors in cloud optical properties to achieve a reasonable
SWCRE is shared across most of the models (Figs. 6 and 7).
Models also frequently exhibit low biases in LTS, particularly
under midtropospheric subsidence, and biases in inversion level
are generally similar between the region and regime. The linear
relationships between CCLO and environmental parameters also
tend to be similar between the Barbados region and the dynamical
regimes, especially for measures of humidity mixing (Fig. 8).
These similarities suggest that detailed model evaluations using
BCO observations could elucidate process-level errors in models
and inform model development with impacts across the tropics.
Although seemingly self-evident, there are few examples that
demonstrate that a long-term observational site is representative
of broader regimes (1). It is also worth noting that the methodo-
logical approach taken here, comparison between an observational
site and similar dynamical regimes, is directly applicable to other
long-term observing sites. A recent study, for example, applied a
conceptually similar cloud regime method to a region around the
Azores, upstream from Barbados (2).
The comparisons presented have also highlighted some errors in
trade wind clouds in climate models. As discussed above, some of
the models have substantial errors in the regional circulation near
Barbados. Similar errors are undoubtedly present for other regions,
and could have important consequences for evaluations of clouds
and other phenomena in those regions. A hindcasting approach
would be an attractive method to separate errors in the large-scale
circulation and those associated with fast, parameterized physics
(55, 56). We have also corroborated previous assessments that
climate models tend to have too little cloud coverage in the tropics
but do not exhibit commensurate errors in CRE, meaning that the
simulated low-level clouds are too reflective. The models tend to
produce weaker, higher inversions than ERA-Interim. The models
also show a great diversity in their representations of the cloud
vertical structure (Fig. 4); biases in the cloud vertical structure can
point to misrepresentations of the small-scale mixing processes in
the lower troposphere, linking the biases in cloud structure to those
in boundary layer and inversion characteristics. Observations sug-
gest that cloud variability at Barbados is closely associated with the
vertical structure: Cloud near the LCL is rather insensitive to en-
vironmental variations, whereas cloud near the inversion is much
more variable (57). Many climate models have difficulty dis-
tinguishing these layers, and likely do not represent their coupling
correctly (12). Much of the variability occurs at timescales of a few
days or less (57), so monthly means are unlikely to expose such
variability, and, in fact, we find that estimates of CF at these levels
have similar variability and are weakly coupled (Tables S1 and S2).
These errors in cloud vertical structure and connections be-
tween clouds and the environment cast some doubt on the ve-
racity of climate projections and estimates of cloud feedback.
Recent studies have pointed out that inversion strength and SST
can be combined to understand low-level CC responses to a
changing climate (35), but most such studies have been more
focused on stratocumulus regions than on shallow cumulus ones.
In the former, the balance of processes is likely to remain rela-
tively similar to the present climate because, even under signif-
icant climate change, the quasi-permanent stratocumulus decks
will exist over relatively cool water and under relatively strong
inversions. Across much of the tropical oceans, however, the SST
is warmer, the inversion is weaker, and the boundary layer is
more convective. This type of environment, including everything
from the weakly convective to moderately subsiding regimes
considered here, poses a somewhat different challenge to pa-
rameterized physics suites in that there is a delicate balance and
interplay between the boundary layer turbulence and shallow
convective mixing. These are usually separate parameterizations
in climate models, and the cloud feedback in any particular
model is linked to which process is dominant (or if the dominant
process changes under climate change) (58, 59). As has been
described here, the models can achieve some fairly realistic
representations of the current climate, but with compensating
errors and biases in structure and relative susceptibility to the
environment. As the forcing to the system changes, it is not clear
if these compensating errors and processes will persist or change.
To the extent possible, therefore, these model errors need to be
ameliorated to achieve a credible representation of the trade
wind regions and increase confidence in climate projections.
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